The purpose of the dbNSFP is to provide a one-stop resource for functional predictions and annotations for human non-synonymous single-nucleotide variants (nsSNVs) and splice site variants (ssSNVs), and to facilitate the steps of filtering and prioritizing SNVs from a large list of SNVs discovered in an exome-sequencing study. A list of all potential nsSNVs and ssSNVs based on the human reference sequence were created, functional predictions and annotations were curated and compiled for each SNV. Here we report a recent major update of the database to version 3.0. The SNV list has been rebuilt based on GENCODE 22 and currently the database 
INTRODUCTION
With the advancement of technologies and the drop of the associated expenses, DNA sequencing is increasingly used as a research as well as diagnostic tool for human diseases.
Among all the sequencing strategies, whole exome sequencing (WES) is probably the most popular for identifying novel genes and mutations causing genetic diseases. Currently, the cost of WES is roughly on par with targeted sequencing of a few genes while delivering the genotypes of the whole exome. Compared to whole genome sequencing with the same depth, with only a fraction of the cost WES is able to discover some of the most important candidates for disease causing mutations, including presumably functional single-nucleotide variants (SNVs): stopgain, stop-loss, missense, splice site, and those within splicing consensus regions (−3 to +8 at the 5' splice site and −12 to +2 at the 3' splice site).
The major aim of dbNSFP is to facilitate the process of filtering and prioritizing the above mentioned presumably functional SNVs from a long list of SNVs identified in a typical WES study. To make it truly scalable to large WES studies and avoid security concerns, dbNSFP was designed to work as a local and self-sustaining database without need for internet connection. This database compiled all potential non-synonymous SNVs (nsSNVs, including stop-gain, stop-loss and missense), splice site SNVs (ssSNVs) and SNVs in splicing consensus regions (scSNVs, via attached database dbscSNV; see below) based on a human reference sequence. Functional predictions and annotations for each SNV from many methods and resources were exhaustively curated. Searching the database using the companion Java program can be accomplished by a single command line call, therefore it is easy to operate for researchers with minimum bioinformatics training. dbNSFP has expanded since its first release in 2011. dbNSFP v1.0 (Liu et al. 2011 ) was based on the human reference sequence version hg18 and the gene model of Consensus Coding Sequence (CCDS) version 20090327 (Pruitt et al. 2009 ). It included 75,931,005 nsSNVs and four functional prediction scores: SIFT (Ng and Henikoff 2001) , Polyphen2 (Adzhubei et al. 2010) , LRT (Chun and Fay 2009) and MutationTaster (Schwarz et al. 2010) , and one conservation score: phyloP (Siepel et al. 2006 ) for each nsSNV. dbNSFP v2.0 (Liu et al. 2013) was rebuilt based on the human reference sequence version hg19 and the gene model of GENCODE 9 (Harrow et al. 2012) . It compiled 87,347,043 nsSNVs and 2,270,742 ssSNVs. It added two functional prediction scores, MutationAssessor (Reva et al. 2011 ) and FATHMM (Shihab et al. 2013) , two conservation scores, GERP++ (Davydov et al. 2010) and SiPhy (Garber et al. 2009; Lindblad-Toh et al. 2011) , and allele frequencies from the 1000 Genomes Project phase 1 data (The 1000 Genomes Project Consortium 2012) and the NHLBI Exome Sequencing Project data (Fu et al. 2013) . Rich functional annotations for human genes were also added to dbNSFP v2.0. dbNSFP has gained popularity among human geneticists and has been adopted by mainstream annotation tools/resources, including the UCSC Genome Browser's Variant Annotation Integrator (http://genome.ucsc.edu/cgi-bin/hgVai), Ensembl's Variant Effect Predictor (McLaren et al. 2010) , ANNOVAR (Wang et al. 2010) , SnpEff/SnpSift (Cingolani et al. 2012 ) and HGMD (Stenson et al. 2014) , among others.
Here we report a recent major update of dbNSFP to v3.0. The core SNVs have been rebuilt based on the human reference sequence version hg38. It now includes 82,832,027 nsSNVs and ssSNVs. An attached database called dbscSNV (Jian et al. 2014 ) which compiled all potential human scSNVs (15,030,459 in total) is distributed along with dbNSFP, and can be searched using the same companion search program of dbNSFP. Compared to v2.0, the new version added eleven new prediction scores: MetaSVM and MetaLR (Dong et al. 2015) , CADD (Kircher et al. 2014) , VEST3 (Carter et al. 2013) , PROVEAN (Choi et al. 2012) , 4× fitCons scores (Gulko et al. 2015) , fathmm-MKL (Shihab et al. 2015) and DANN (Quang et al. 2015) , two conservation scores: 2× phastCons (Siepel et al. 2005) , and allele frequencies from the UK10K cohorts (The UK10K Consortium 2015) and the Exome Aggregation Consortium (ExAC, http://exac.broadinstitute.org/), among others. Many prediction scores and resources have been updated. Details of the updates and preliminary analyses of the functional prediction scores and conservation scores are reported in the following sections.
NEW AND UPDATED FUNCTIONAL ANNOTATIONS
To keep up with the updates of new gene models, we have rebuilt our backbone nsSNVs and ssSNVs using the GENCODE 22, which is based on human reference sequence version hg38. As described previously (Liu et al. 2013 ), we artificially "mutated" each non-N reference allele to the three alternative alleles. Then we checked the "mutations" against the gene models and collected all those nsSNVs or ssSNVs (on the first two and last two nucleotide sites of an intron) into our database. To balance false positives and false negatives of the gene models, we included putative genes but excluded genes with incomplete 5' ends. Genes on the mitochondrial genome has been included for the first time. This resulted in 80, 622, 428 nsSNVs and 2, 209, 599 ssSNVs in the database. Genome positions were converted to corresponding coordinates in hg19 (no missing) and then in hg18 (0.09% missing) using the liftOver tool of the UCSC Genome Browser (Rosenbloom et al. 2015) . Please note that there are a few SNVs whose coordinates in hg38 and hg19 (hg18) have inconsistent chromosome numbers.
Two new nsSNV-focused prediction scores, PROVEAN and VEST 3.0 have been added, which were kindly provided by Drs. Yongwook Choi and Rachel Karchin, respectively. PROVEAN scores range from -14 to 14 in dbNSFP, with a lower score indicating a higher likelihood to be deleterious. PROVEAN also provides binary predictions (Neutral versus Damaging) with a score cut-off of -2.5. Multiple scores and predictions corresponding to multiple transcripts of the same gene are separated by ";" and the transcript IDs are presented in the Ensembl_proteinid column. VEST 3.0 scores range from 0 to 1 with a higher score indicating a higher likelihood to be deleterious. VEST does not provide binary predictions. Multiple scores are separated by ";" and the corresponding transcript IDs are presented in the Transcript_id_VEST3 column.
Recently, several "general" prediction scores have been proposed, which incorporated DNA/protein sequence features as well as epigenomic signals and provide deleteriousness predictions for any SNV in the human genome, coding or non-coding. Examples of such scores include CADD, fitCons, fathmm-MKL and DANN. Among them CADD, fathmm-MKL and DANN provide predictions for a SNV while fitCons is more coarse-grained and has predictions at the genome position level as a conservation score. We included the above mentioned four "general" prediction scores in dbNSFP v3.0 to provide more choices for our users. fathmm-MKL separated their scores for coding and non-coding SNVs and we included those designed for coding SNVs.
Although having more prediction scores for an nsSNV has an advantage of providing additional perspectives, sometime a consensus prediction is also useful in practice. We recently developed two ensemble scores, MetaLR and MetaSVM, based on 10 component scores (SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR, GERP++, MutationTaster, Mutation Assessor, FATHMM, LRT, SiPhy, PhyloP) and the maximum frequency observed in the 1000 genomes populations (Dong et al. 2015) . Based on our comparison, the two ensemble scores outperform all their component scores. MetaLR achieved the highest separation power (AUC = 0.92 and 0.94 for testing dataset I and II, respectively) followed by MetaSVM (AUC = 0.91 and 0.93 for testing dataset I and II, respectively).
To make the functional prediction scores and conservation scores in the dbNSFP more comparable to each other, we created a rank score for each of them. First, we converted scores if necessary to make them monotonic in the same direction (a higher score indicating more likely to be damaging, see Suppporting Information for details). Then for each type of score (such as a converted SIFT score) we ranked all the (converted SIFT) scores in the dbNSFP and the rank score is the ratio of the rank (or tied rank) of the (converted SIFT) score over the total number of (converted SIFT) scores in the dbNSFP. In the case when an nsSNV has multiple scores due to multiple transcripts, only the most deleterious one was used in ranking. Therefore, a rank score is always between 0 and 1 and a score of 0.9 means it is more likely to be damaging than 90% of all potential nsSNVs predicted by that method.
Many prediction scores and conservation scores have been updated from the dbNSFP v2.0 to v3.0: SIFT to the version based on Ensembl 66; MutationTaster to MutationTaster2 (Schwarz et al. 2014) ; FATHMM to v2.3; phyloP to phyloP7way_vertebrate and phyloP20way_mammalian (both based on hg38); phastCons to phastCons7way_vertebrate and phastCons20way_mammalian (both based on hg38). As many prediction scores provide multiple (often different) scores or predictions for the same nsSNV due to multiple transcripts of the same gene, we included those transcript specific predictions in this new version.
Besides prediction scores and conservation scores, many annotation resources have been added or updated. Noticeably, allele frequencies from the UK10K cohorts and the Exome Aggregation Consortium (ExAC) have been added; those of human populations in the 1000 Genomes Project have been updated to the phase 3 data set. Clinvar (Landrum et al. 2014) , dbSNP (Sherry et al. 2001) 142 and phenotypes of mouse and zebra fish homologs have been added. More details on the resources and their version in dbNSFP can be found in the Supporting Information and the readme file distributed with the database file.
The dbNSFP v3.0 is provided in two branches: v3.0a and v3.0c. The former includes all the prediction scores and annotation resources while the latter excludes prediction scores that require licenses for commercial usages, such as VEST, CADD and DANN. The whole database is in plain text format. No database management system is needed. A Java companion search program along with the database files are freely available at https://sites.google.com/site/jpopgen/dbNSFP. Alternatively, dbNSFP can be queried via MyVariant.info web service (http://myvariant.info/), either calling its API directly or using its Python client (Mark 2015a ) and R client from Bioconductor (Mark 2015b) .
A COMPARISON OF FUNCTIONAL PREDICTION SCORES AND CONSERVATION SCORES
We conducted some preliminary analyses comparing the 24 functional prediction scores and conservation scores based on the 80,622,428 nsSNVs in dbNSFP v3.0. A summary of the 24 scores is presented in Table 1 . nsSNV-focused scores typically have a higher missingness percentage in the dbNSFP (a minimum of 2.15% for MutationTaster to a maximum of 16.68% for LRT) compared to "general" prediction scores or conservation scores (a minimum of <0.01% for CADD to a maximum of 3.97% for fitCons), largely due to gene model inconsistency ( Table   2 ). As to the distributions of the rank scores (Figure 1 ), while some rank scores are more or less evenly distributed, such as MutationAssessor, FATHMM, PROVEAN, VEST3, CADD, DANN, fathmm-MKL, MetaSVM, MetaLR, GERP++ and SiPhy, others are more sparse and have high spikes, suggesting a large amount of raw scores having tied ranks in the database.
Knowing the correlation between scores helps researchers to weight the predictions from multiple methods. For each pair of scores, we calculated the Pearson's correlation coefficient (r) between their rank scores as a measure of correlation (Table 3) Among the 24 scores, eleven provide binary predictions (deleterious or tolerated) for nsSNVs. Comparison of their prediction agreement shows that majority of the pairs have low to moderate agreement rate (< 70%) ( Table 3 ). The lowest agreement rate (40%) is between FATHMM and fathmm-MKL (coding score). The highest agreement is between MetaLR and MetaSVM (96%) followed by FATHMM and MetaLR (90%) and the two Polyphen2 scores (89%).
Finally, we compared the performance of the nsSNV prediction scores, "general" prediction scores and conservation scores in dbNSFP v3.0 using their rank scores. We re-used the testing dataset I and testing dataset II from Dong et al. (2015) after removing nsSNVs that causing different amino acid changes in different transcripts according to GENCODE 22, which resulting in 115 true positives and 117 true negatives in testing data set I (Supp . Table S1 ) and 5,979 true positives and 13,025 true negatives in testing data set II (Supp . Table S2 ), respectively.
The performance of the scores was measured using receiver operating characteristic (ROC) curve and area under the curve (AUC) (Figure 3 ). We found that, the two ensemble rank scores, MetaSVM and MetaLR, achieved excellent prediction accuracy (AUC > 0.9) in both testing datasets. Two other scores that reached excellent prediction accuracy in either testing dataset include VEST3 (AUC=0.9294 in testing data set I) and FATHMM (AUC=0.912 in testing data set II). The results also showed that those recently proposed "general" scores did not stand out as to nsSNV deleteriousness prediction, although some of those, such as CADD, DANN and fathmm-MKL, showed comparable performance as popular nsSNV prediction scores Polyphen2 and SIFT.
ATTACHED DATABASE
Recently we developed a method for predicting the splice-altering effect of a scSNV (a SNV located within splicing consensus regions) (Jian et al. 2014) . The resulting two ensemble prediction scores (ada_score and rf_score) and predictions were pre-computed for all potential scSNVs in the human genome based on RefSeq release 62 and Ensembl release 73. Those scores along with related annotations were compiled into a plain text database called dbscSNV and serves as an attached database for the dbNSFP. It is freely available for download at https://sites.google.com/site/jpopgen/dbNSFP. The companion Java search program distributed with dbNSFP v3.0 supports searching dbscSNV and SPIDEX (Xiong et al. 2015) , another prediction tool for splice-altering SNVs, along with dbNSFP using the "-s" option.
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SIFT_converted_rankscore: SIFTori scores were first converted to SIFTnew=1-SIFTori, then ranked among all SIFTnew scores in dbNSFP. The rankscore is the ratio of the rank the SIFTnew score over the total number of SIFTnew scores in dbNSFP.
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SIFT_pred: If SIFTori is smaller than 0.05 (rankscore>0.395) the corresponding nsSNV is predicted as "D(amaging)"; otherwise it is predicted as "T(olerated)".
Multiple predictions separated by ";" 27 Uniprot_acc_Polyphen2: Uniprot accession number provided by Polyphen2.
Multiple entries separated by ";".
28 Uniprot_id_Polyphen2: Uniprot ID numbers corresponding to Uniprot_acc_Polyphen2.
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PROVEAN_converted_rankscore: PROVEANori were first converted to PROVEANnew=1-(PROVEANori+14)/28, then ranked among all PROVEANnew scores in dbNSFP. The rankscore is the ratio of the rank the PROVEANnew score over the total number of PROVEANnew scores in dbNSFP.
The scores range from 0 to 1.
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PROVEAN_pred: If PROVEANori <= -2.5 (rankscore>=0.543) the corresponding nsSNV is predicted as "D(amaging)"; otherwise it is predicted as "N(eutral)".
Multiple predictions separated by ";", corresponding to Ensembl_proteinid. The percentile rank of the gene based on RVIS, the higher the percentile the more tolerant to mutational burden the gene is.
